The eib genes of Escherichia coli encode surface-exposed proteins which bind immunoglobulins (Ig) such as the Fc fragment of human IgG (IgG Fc) in a nonimmune manner. The Eib proteins belong to a family which includes YadA of Yersinia, UspA2 of Moraxella, and DsrA of Haemophilus ducreyi. This family of surface-exposed proteins shares several features, such as the ability to impart resistance to human serum complement and a tendency to exist as stable multimers. Four genes, eibA, eibC, eibD and eibE, were previously identified and cloned from ECOR-9, a strain from the E. coli reference collection. EibC, -D, and -E bind human serum IgA in addition to IgG, but no IgA binding has been observed for EibA. Here, we report the cloning of a new eib gene, eibF, from a second strain of E. coli, ECOR-2. The product, EibF, has a relatively strong preference for IgA. Like the other eib genes, eibF attenuates serum sensitivity, occurs as a stable multimer, and is associated with a prophage. By subcloning portions of the eibA and eibF genes, we have identified distinct sequence segments sufficient to cause Ig binding, multimerization, and discrimination between IgA and IgG. The ability to multimerize is associated with a sequence close to the C terminus that is homologous to other family members such as YadA. Binding of IgG Fc is associated with a sequence that is highly conserved among all Eib proteins but otherwise unique. Binding of IgA is associated with a sequence of EibF that is not similar to any EibA sequence.
The Eib (for Escherichia coli immunoglobulin binding) proteins of E. coli are members of a family of surface-exposed proteins which includes YadA of Yersinia (15, 18, 19) , UspA2 of Moraxella (1, 2) , and DsrA of Haemophilus ducreyi (5) . The Eib proteins have several phenotypic features in common with these proteins, such as the ability to impart resistance to human serum complement and a tendency to exist as highly stable multimers. In addition to the properties shared with other members of this protein family, the Eib proteins have the ability to bind immunoglobulins (Ig) such as the Fc fragment of human IgG (IgG Fc) in a nonimmune manner; i.e., a mechanism that does not require specific recognition by antibody (17) . The Eib proteins were originally identified in 6 of 72 strains of the E. coli reference (ECOR) strain collection (13) . At that time, one of six strains, ECOR-9, was selected for study, and it was found to produce several distinct Ig binding proteins, each encoded by a different member of a set of related prophages. Four genes, eibA, eibC, eibD, and eibE, were cloned from ECOR-9. In multicopy form, each conferred Ig binding activity on and attenuated the serum sensitivity of a test recipient. In each instance, the Eib proteins were observed as multiple bands in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), some of the bands exceeding 200 kDa in apparent molecular mass (16) . Consequently, the sizes of the Eib proteins appeared much greater than predicted from the gene sequences, implying stable multimerization.
Three of the four Eib proteins bound human serum IgA in addition to IgG. The IgA binding signal was strongest for EibD, and no signal was observed for EibA (16) . Here, we report the cloning and characterization of a new eib gene, eibF, whose product has a particularly strong preference for IgA. This gene was cloned from E. coli strain ECOR-2, a strain originally isolated from the feces of a healthy human host (13) and belonging to phylogenetic group A (7). ECOR-2 differs from most group A ECOR strains in having genes for several extraintestinal virulence-associated traits, which are more common among group B2 strains (10) . Like the eib genes of ECOR-9, eibF attenuates serum sensitivity. By subcloning portions of the eibA and eibF genes, we have identified sequence segments sufficient to cause Ig binding, multimerization, and discrimination between IgA and IgG. We also report that no binding to IgM or IgE can be detected in extracts of the ECOR strains previously shown to bind Ig (17) or in strains hosting the cloned eib genes.
MATERIALS AND METHODS
Strains and culture conditions. The ECOR collection of E. coli strains was obtained from Robert Selander and Thomas Whittam (13) . E. coli K-12 strain DH5␣ was used for cloning of all pOK12-based constructs and for expression of eibF fusion constructs. E. coli strain JM109 was used as the background strain for expression of eibA fusion constructs. E. coli strain AB1157 was used as the background strain for studies of serum resistance and accessibility to trypsin. For expression of Ig binding activity in cells hosting pOK12 derivatives, 24-h LuriaBertani (LB) broth cultures grown at 37°C with agitation were used. For cells hosting pMal-c2X-based fusion plasmids, cells were similarly grown to an optical density at 595 nm of 0.5 and induced with 0.3 mM IPTG (isopropyl-␣-D-galactopyranoside) for 2 h. Cells were harvested by centrifugation at 4°C. LB broth containing ampicillin, 50 g per ml, was used for the maintenance of pMal-c2X fusion plasmids and pUC21 derivatives. LB broth containing kanamycin, 50 g per ml (LB Km broth), was used to maintain pOK12 derivatives.
Protein extraction and Ig binding. Preparation of cell extracts, determination of protein concentration, SDS-PAGE, and immunoblotting were as described previously (17) . It is important to note that the immunoblotting procedure used to detect nonimmune Ig binding differs from traditional immunoblotting procedures used to detect the binding of specific antibody to an antigen (17) . Our standard immunoblotting procedure entails a one-step incubation with nonimmune antibody (such as normal serum IgA or the IgG Fc) conjugated with horseradish peroxidase (HRP). There is no incubation with primary antibody specifically directed against an antigen.
Purified IgG Fc conjugated with HRP (IgG Fc-HRP) (Rockland) was used at a concentration of 20 ng of antibody per ml; purified whole human serum IgA conjugated with HRP (IgA-HRP) (Jackson ImmunoResearch Laboratories) was used at 50 ng per ml. Human myeloma IgM Fc conjugated with horseradish peroxidase (IgM Fc-HRP) (Jackson ImmunoResearch Laboratories) was used at 4 g per ml. Human monoclonal IgE (Biodesign International) was conjugated with HRP using the EZ Link Activated Peroxidase Antibody Labeling kit (Pierce) according to the manufacturer's instructions and was used at 250 ng or 2.5 g per ml. Antiserum directed against maltose binding protein (MBP) (anti-MBP) developed in rabbit (New England Biolabs) was used at a dilution of 1/10,000 and was detected by HRP-conjugated anti-rabbit Ig developed in donkey (Amersham-Pharmacia Biotech) used at 100 ng per ml. Human polyclonal IgE (Biodesign International) was used at 33 g per ml and detected by use of HRP-conjugated mouse monoclonal anti-IgE (United States Biological) at 50 ng per ml.
DNA cloning and analysis. Techniques used for DNA isolation, cloning, and sequence analysis involve minor modifications of those indicated elsewhere (8, 16, 21) . The plasmid vectors for cloning were pOK12 (20) and pMal-c2X (New England Biolabs). Cloning of the eibF gene utilized a partial Sau3A digest of ECOR-2 genomic DNA. Fragments in the desired size range were purified by agarose gel electrophoresis and with the Qiaex II Gel Extraction kit (Qiagen), ligated into the BamHI site of pOK12, and electroporated into E. coli strain DH5␣. Colony blots of transformants were screened for IgA binding by procedures based on published protocols (6, 16) . Briefly, colonies were blotted to nitrocellulose and lysed in situ with 1% SDS at 65°C for 30 min. The membranes were blocked with 10% (wt/vol) nonfat dry milk in phosphate-buffered saline (PBS) for 1 h, washed, and incubated for 1 h with affinity-purified human serum IgA conjugated with HRP. The blots were washed, and film was exposed. Deletions within the original cloned fragment were made using convenient restriction sites; key plasmids are listed in Table 1 . Oligonucleotide synthesis and automated DNA sequencing were done by the Macromolecular Core Facility of the Penn State College of Medicine. For all new sequences, both strands were sequenced; for repetitive sequencing of essentially identical segments, sequencing was sometimes limited to a single strand. Nucleic acid and amino acid sequence similarity searches were done with the BLAST programs (3) without filters.
Protein fusions. The pMAL protein fusion and purification system (New England Biolabs) was used. The fusion constructs are shown in Table 1 (see also Fig. 3 ). For the eibA fusion, an HpaI site near the center of block 2 of EibA was used to make an in-frame fusion between the N terminus of malE (410 codons) at the vector XmnI site and the C terminus of eibA (141 codons), producing pDC2240 (Table 1 ; see Fig. 3A through C) . A set of plasmids with more limited inserts was derived (Table 1 ; see Fig. 3C ). For eibF, the initial fusion construct pCS7269 was prepared in two steps. The first involved fusion of eibF at an EcoR I site at codon 97 to an EcoRI site in pMal-c2X. The second step involved deletion between XmnI of the vector and the EcoRI site, which brought 363 codons of the eibF sequence into frame with the malE open reading frame (ORF) ( Table 1; see Fig. 3A , D, and E). A set of plasmids with more limited inserts was derived from pCS7269 (Table 1; see Fig. 3E ). PCR was used to construct pCS7286 and pCS7296 using primers which introduced appropriate restriction sites for cloning (Table 2) .
Trypsin treatment of intact cells. Trypsinization of intact cells was as described previously (17) . Briefly, cells were diluted to 10% (wt/vol) in 50 mM potassium phosphate, pH 6.1, containing trypsin at concentrations of 5, 50, or 500 g per ml and incubated for 1 h at 37°C. The digestion was stopped with 2 mM phenylmethylsulfonyl fluoride, and the cells were harvested by centrifugation. Control cells lacking trypsin were similarly treated. Serum sensitivity assay. Serum sensitivity was determined as described previously (16) . In brief, 24-h cultures grown in LB Km broth were washed in PBS and thoroughly resuspended in PBS by vortexing. Control cells harboring vector pOK12 alone or test cells harboring a cloned eib gene were seeded in 150 l of 25% unheated human serum complement (Sigma) or PBS at a concentration of 2 ϫ 10 8 CFU per ml. Five replicate samples of cells were incubated with serum, and three samples were incubated with PBS. The cells were shaken at 37°C for 1 h in PBS. Serial dilutions were prepared from each replicate and plated on LB Km agar.
Nucleotide sequence accession number. A 3,167-bp segment of DNA containing eibF and adjacent DNA was sequenced. The GenBank accession number is AF399847.
RESULTS

Cloning of a gene for an IgA binding protein from ECOR-2.
In a screen of ECOR strains for the binding of human serum IgA, we observed that ECOR-2 extracts bound IgA with an unusually strong signal (Fig. 1A , compare lane 1 to lanes 2 through 6). On the other hand, the signal for binding the IgG Fc was relatively weak for ECOR-2 (Fig. 1B , compare lane 1 to lanes 3, 4, and 6). Because of its strong IgA binding signal, ECOR-2 was chosen as the source strain to clone a gene for an Ig binding protein with a strong preference for IgA. A 3,167-bp segment of DNA was cloned into pOK12 and detected in a direct screen of colonies for IgA binding (see Materials and Methods). This segment contained three ORFs. The amino acid sequence predicted by one of these ORFs was related to that of the eib genes previously cloned from ECOR-9, and it was designated eibF. Similarity was particularly strong for the C-terminal 167 codons, where sequence conservation among the eib genes of ECOR-9 is greatest. Sequencing of the regions adjoining eibF revealed exactly the same organization of genes as previously seen with the P-Eib prophages of ECOR-9 (16). This suggested that eibF is carried by a prophage similar to those described for ECOR-9 (see below).
A subclone comprising 2,049 bp was sufficient to confer Ig binding. This segment contained eibF and extended 106 bp upstream from the translational start codon. The eibF sequence predicted a 49.5-kDa protein, considerably smaller than the Ig binding activities observed for its source, ECOR-2. However, the Ig binding activity conferred by cloned eibF occurred as two IgA binding bands whose sizes (158 kDa and larger) were similar to those found in ECOR-2 ( Fig. 2A , compare lane 7 to lane 1). Of particular interest, the signal for IgA binding conferred by eibF was stronger than for any of the eib genes cloned from ECOR-9 ( Fig Comparison of EibF from ECOR-2 to Eib proteins from ECOR-9. For purposes of discussion in our earlier report, five regions of amino acid homology shared by the various Eib proteins derived from ECOR-9 were designated blocks 1 through 5 (16) . Figure 3B shows an eib gene with designated regions corresponding to blocks 1 through 5. For purposes of the present discussion, we have further designated the segment between blocks 1 and 2 block V (variable). Block 1 is part of a putative signal sequence for export of the proteins across the cytoplasmic membrane. Block 5 is an outer membrane-targeting motif consisting of nine alternating hydrophobic residues ending in phenylalanine. Block 4 is a region of homology shared by a family of cell surface proteins whose members include YadA of Yersinia (15, 18, 19) , UspA2 of Moraxella (1, 2), and DsrA of H. ducreyi (5) . Blocks 2 and 3 are regions of homology shared by the Eib proteins but not other proteins in the databases; block 3 is predicted to assume a coiled-coil structure (16) . Analysis of the EibF sequence revealed the same overall organization and blocks of homology. The block 4 sequence of EibF is more similar to the corresponding region found in the other Eib proteins (87 to 100% identity) than to that found in the other members of this family of proteins (e.g., identities of 68% for UspA2 and 70% for YadA). Comparing EibF to the other Eib proteins, the 167-amino-acid sequence covering blocks 2 through 5 was most similar to EibA (94% identity) and least similar to EibE (78% identity). The portion of EibF designated block V was much more divergent than the last 167 amino acids, although block V contained a sequence with limited similarity to EibD (30% identity over 185 amino acids), EibC (33% identity over 130 amino acids), and EibE (25% identity over 142 amino acids); no homology to EibA was found in block V.
Two types of imperfect repeats were found in EibF. The first type consisted of a set of three tandem repeats located in block V. Figure 4 shows the position of these repeats, designated f1, f2, and f3 ( Fig. 4A ) and their alignments (Fig. 4B) . Repeats f2 and f3 each contained 26 amino acids; f1 was a partial repeat containing 11 amino acids. Versions of this repeat were also found in EibC and EibD (designated c2 and d2) but not in EibA or EibE. Amino acid identities ranged from 62 to 69% in pairwise comparisons among the f1, f2, f3, and d2 repeats. A second type of imperfect repeat consisting of 19 amino acids in EibF and EibA was identified. In each case, the first copy (designated f4 in EibF and a4 in EibA) occurred within block V at a position immediately preceding block 2. The second copy (designated f5 in EibF and a5 in EibA) occurred within block 2; the sequence of f5 was identical to a5. Repeats f4 and f5 of EibF had 84% amino acid identity, whereas repeats a4 and a5 had 53% identity.
Functional mapping. Two striking properties of the Eib proteins are Ig binding (IgG Fc and/or IgA) and stable multimerization (defined as resistance to dissociation after being boiled in SDS-PAGE sample buffer containing 6% SDS and 2-mercaptoethanol). In every case previously described, Ig binding signals were associated with Eib protein bands representing much larger molecular masses than predicted from the eib gene sequences. This raised the possibility that multimerization might be important or even essential for Ig binding. If, on the other hand, Ig binding and multimerization are independent functions, then it should be possible to separate these functions experimentally. More specifically, it might be possible to identify sequence segments that can confer Ig binding without multimerization or vice versa. By further extension of this analysis to segments of EibA and EibF, it might be possible to identify portions of the sequences which allow discrimination between IgG and IgA. Accordingly, we constructed protein fusions to screen specific sequence segments. Our choice was constrained by previous observations. Namely, deletion of as few as five codons from the C terminus of the Eib proteins (i.e., the region encoding the outer membrane-targeting motif) abolished both the Ig binding activity and the high-molecularmass Eib proteins observed on Coomassie brilliant bluestained gels (16) . This result suggested that transport of protein through the cytoplasmic membrane in the absence of a signal for insertion into the outer membrane caused complete loss. To avoid problems associated with Eib proteins lacking their normal C termini, we adopted a fusion strategy which would keep the proteins in the cytoplasm. Our choice was the pMAL-c2X protein fusion and purification system (New England Biolabs). The strategy involved fusing an eib gene to the N terminus of the malE gene of the plasmid vector pMal-c2X. Since the MBP encoded by malE of pMal-c2X lacks a signal sequence, the fusion proteins derived from it are retained in the cytoplasm. In this system, expression of the MBP-Eib fusion proteins is controlled by IPTG. A significant advantage of the system is that antibody directed against MBP provides a means of detecting derivatives of the Eib proteins even when nonimmune Ig binding is abrogated. The fusion plasmids and deletion derivatives are described in Table 1 . Figure 3 shows the amino acid coordinates within the amino acid sequences and the relationship to blocks 2 to 5 of EibA (Fig. 3C) and EibF (Fig. 3E) . The amino acid coordinates for these blocks are given in Fig. 3B and D. (i) Eib A protein fusions. A fusion was made between the N-terminal 410 codons of malE (Fig. 3A) and the C-terminal 141 codons of eibA (Fig. 3B), producing pDC2240 (Fig. 3C) . The eibA portion consequently retained 27 amino acids of block 2 and all of blocks 3 to 5. The construct was assessed by immunoblotting for its ability to confer binding of IgG Fc and multimerization of the encoded protein. Figure 5 shows an immunoblot which was incubated sequentially with IgG Fc-HRP (Fig. 5A ) and rabbit anti-MBP (Fig. 5B) . The fusion protein encoded by pDC2240 was expressed in the form of several discrete IgG Fc binding bands ranging in size up to and (Fig. 5A, lane 2) . This indicated that domains sufficient for binding IgG Fc and for multimerization both lay within the last 141 amino acids of EibA. It should be mentioned parenthetically that the fusion protein has no cysteine residues, so it cannot participate in a disulfide bond. This initial construct was modified by deletion of the final 50 amino acids (pDC2283). This deletion eliminated the high-molecularmass forms but not IgG Fc binding activity; a single IgG Fc binding band occupied the position close to that expected of a monomer (Fig. 5A, lane 3) . A fusion protein which retained only the last 92 amino acids of EibA (pDC2252) failed to bind IgG Fc (Fig. 5A , lane 4) but was still able to form bands larger than 200 kDa (recognized by anti-MBP) (Fig. 5B, lane 4) . A fusion protein lacking the last 94 amino acids of EibA (pCS7299) failed to bind IgG Fc (Fig. 5A , lane 5) and failed to form large bands, appearing instead as a monomer-sized band recognized by anti-MBP (Fig. 5B, (ii) EibF protein fusions. A malE-eibF fusion was constructed which contained the final 363 codons of the eibF sequence (amino acids 97 through 459); this construct (pCS7269) included 196 codons preceding block 2 (Fig. 3E) . The fusion construct conferred both IgA binding (Fig. 6A, lane 1) and IgG Fc binding (Fig. 6B, lane 1) , and both activities were associated with multimerized structures.
The preceding section has shown that only the C-terminal 141 amino acids of EibA were required for IgG Fc binding to the fusion protein. Since EibA and EibF differ by only 3 of these 141 amino acids, it was of obvious interest to test whether a comparable construct derived from EibF would bind IgG Fc and, more particularly, whether it would also retain the EibF feature of strong IgA binding. The construct used (pCS7280) actually contained the C-terminal 142 amino acids of EibF (Fig. 3C) . When tested it conferred IgG Fc binding with mul- (Fig. 6A, lane 4) . This suggested that segments nearer the N terminus of EibF were necessary for IgA binding. This was investigated by testing a series of additional fusions derived from the initial construct, pCS7269. Deletion of 60 amino acids from the C terminus (pCS7285) abrogated multimerization, but IgA and IgG Fc binding both remained ( Fig. 6A and B, lanes 2). Deletion of 106 amino acids from the C terminus (i.e., an additional 46 amino acids) (pCS7296) eliminated detectable IgG Fc binding (Fig. 6B, lane 3) , but the fusion protein retained IgA binding (Fig. 6A, lane 3) . This indicated that the sequence located between amino acids 97 and 353 was sufficient for binding IgA. This region contained the repeats f1, f2, and f3 (Fig. 4) located between amino acids 207 and 269. We postulated that these repeats might be important for IgA binding and focused on cloning this region. A 100-codon region of eibF containing the repeats was amplified by PCR and cloned into pMal-c2X to produce pCS7286 (see Materials and Methods). Cells harboring this plasmid expressed a protein which bound IgA but not IgG Fc (Fig. 6A and B, lanes 5 and 7) . The apparent molecular mass was consistent with that expected of a monomer (54.3 kDa). It is important to note that the binding signal was greatly diminished compared to the protein encoded by parent plasmid pCS7269 and was detectable only by overexposing the blot (Fig. 6A, lower panel, lane 5 ) or overloading the sample (Fig. 6A, lane 7) . Ample protein was present (Fig.  6C, lanes 5 and 7) , suggesting that the loss of binding signal was not due to a reduction in the amount of the fusion protein present in the extract. We concluded that the 100-codon region containing repeated sequences f1, f2, and f3 was sufficient for binding IgA, although the binding signal was greatly diminished compared to that of the fusion encoded by pCS7296 ( Stable multimerization of Eib proteins. Fusions containing the C-terminal 141 (EibA) or 142 (EibF) residues of the protein produced a series of bands, some exceeding 200 kDa in size (Fig. 5B, lanes 2 and 6) , indicating that this region was sufficient for multimerization. A fusion which contained only the last 92 amino acids of EibA (pDC2252) also produced large-molecular-mass bands (Fig. 5B, lane 5) . In contrast, a fusion which contained only the last 60 amino acids of EibF (pCS7284), failed to produce high-molecular-mass bands (Fig.  6C, lane 6) . The fusion encoded by pCS7284 differs in size from that encoded by pDC2252 by 33 amino acids, 26 residues from block 3 and 7 residues from block 4. This suggested that amino acids in this region contribute to multimerization. However, the fusion encoded by pCS7285, which contained these 33 amino acids, failed to produce high-molecular-mass forms (Fig. 6C, lane 2) , indicating that this region alone, while necessary, is not sufficient for multimerization.
Trypsinization of intact cells. Ig binding material was previously shown to be exposed at the cell surface and accessible to trypsin in Ig binding ECOR strains (17) . The outer membrane-targeting sequence identified in the eib gene sequences predicted that the Eib proteins expressed by the recombinant eib clones would also be exposed at the cell surface and be accessible to trypsin. This has been found to be the case for both EibA and EibF. Intact cells harboring eibF or eibA were treated with trypsin at various concentrations, harvested by centrifugation, and then fractionated on duplicate gels. One gel was used for immunoblotting, and one was stained with Coomassie brilliant blue. Figure 7 shows an immunoblot incu- bated sequentially with IgG Fc (Fig. 7A ) and then IgA (Fig.  7B) . The stained gel is shown in Fig. 7C . The residual Ig binding activities of cell-associated fragments of EibA are shown in Fig. 7A and B, lanes 1 through 4, and those of EibF in lanes 5 through 8. Trypsin at the highest concentration used (500 g per ml) completely eliminated binding of IgG Fc to both proteins (Fig. 7A, lanes 4 and 8) and binding of IgA to EibF (Fig.  7B, lane 8) . It also eliminated the Eib proteins observed by staining (Fig. 7C) . Examination of the other proteins in the stained gel showed that most were unaffected by treatment with trypsin (Fig. 7C, compare lanes 2 through 4 to lane 1 and  lanes 6 through 8 to lane 5) . Trypsin at lower concentrations (5 or 50 g per ml) produced an array of cell-associated Ig binding fragments of various sizes (Fig. 7A and B, lanes 2 and 3) . Observation of these intermediate profiles provided important insights into EibF protein structure. Examination of Fig. 7 showed that EibF fragments of approximately 38 to 80 kDa bound IgG Fc (Fig. 7A, lanes 6 and 7) but did not bind IgA (Fig. 7B, lanes 6 and 7) . Only the larger (Ͼ100-kDa) fragments bound both IgG Fc and IgA ( Fig. 7A and B, lanes 5 ). If we make the assumption that the Eib proteins insert into the outer membrane by interactions involving their C termini, then we would anticipate that sequences closer to the N terminus would be more sensitive to trypsin. These results therefore supported those obtained with fusion proteins and were consistent with a model in which IgG Fc binding is specified by a region of EibF, which is closer to the C terminus than the region specifying IgA binding. Trypsin-treated cells expressing EibA also had relatively small (approximately 30-to 90-kDa) cell-associated fragments which bound IgG Fc (Fig. 7A, lanes  2 and 3) . This would be expected, since the region responsible for binding IgG Fc was mapped to blocks 2 and 3, a region which is highly conserved between Eib proteins A and F.
Prophage genes linked to eibF. All four of the eib genes cloned from ECOR-9 were found to be located in the genomes of prophage. The respective prophages were designated PEibA through P-EibE, according to the associated eib gene (16) . To determine whether eibF was also part of a prophage, we analyzed the nucleotide sequences adjacent to eibF. Sequencing revealed that an organization identical to that previously found for the other four eib genes in the neighboring ORFs homologous to both ORF-191 (upstream) and ORF-156 (downstream) was present. The amino acid sequence predicted by eibF-linked ORF-191 was 93 to 94% identical to that predicted by homologs from P-EibC, P-EibD, and P-EibE. Comparison of this ORF-191 to the homolog found in P-EibA revealed 96% identity, but only for 113 amino acids beginning at amino acid 60. (ORF-191 of P-EibA is not homologous to the other versions of ORF-191 or to any sequences in the databases for the first 61 amino acids.) The amino acid sequence predicted by eibF-linked ORF-156 was 92 to 94% identical to that predicted by homologs from P-EibA, P-EibC, and P-EibD but only 69% identical to that from P-EibE. It is interesting that the ORF-156 associated with eibF contains a 117-bp sequence which is 94% identical to a sequence found in bacteriophage 933W (14) and bacteriophage VT2-Sa (12) of E. coli O157:H7.
As previously reported and in contrast to successes for eibC, eibD, and eibE, we were unable to demonstrate infectious transfer of eibA from ECOR-9 (16). Attempts to demonstrate infectious transfer of eibF from ECOR-2 were also negative, although we were able to demonstrate the infectious transfer of two other genes, both conferring binding activity for IgG Fc (but not IgA) on recipient E. coli (unpublished data). Our tentative conclusion, based on the similar gene organization and homology, is that eibF is part of a prophage genome, most likely a defective one. This new prophage has been designated P-EibF.
eibF attenuates serum sensitivity. The eib genes cloned from ECOR-9 were previously shown to enhance the serum resistance of E. coli strain AB1157, a strain which is known to be particularly sensitive to serum (16) . Cloned eibF was tested for this property and compared to eibA. Cells were exposed to 25% human serum or control PBS for 1 h, diluted, and plated. The results of a representative experiment are shown in Fig. 8 . Only 0.006% of control cells harboring vector survived serum treatment, while 0.36% of cells harboring eibA and 1.67% of cells harboring eibF survived (Fig. 8) . A survival ratio was calculated for cells harboring each gene by dividing its survival frequency by the survival frequency observed for the control (4). The survival ratios conferred by the eib genes in these experiments were 58 (eibA) and 267 (eibF), representing 58-fold and 267-fold protection of strain AB1157. By way of comparison, gene bor of bacteriophage lambda confers a 23-fold protection upon this strain, increasing the survival of this strain in 20% guinea pig serum from 0.0013 to 0.031% (4) .
DISCUSSION
This report documents the cloning of a new eib gene, eibF, from a second strain of E. coli, ECOR-2. EibF, the protein encoded by eibF, occurred as a multimer which bound human serum IgA in addition to human IgG Fc. EibF has many similarities to Eib proteins A, C, D, and E of ECOR-9. These include two sorting signals: a signal sequence for export (block 1) and a C-terminal outer membrane protein-targeting motif (block 5). It also includes a region of sequence homology (block 4) which defines a family of proteins that includes YadA, UspA2, and DsrA. EibF contains additional regions having homology to Eib proteins but not to other proteins in the database (blocks 2 and 3). Like the other Eib proteins, EibF has a sequence, block V, located between blocks 1 and 2 which shows greater diversity than other parts of the protein.
All Eib proteins so far studied share two features, binding of IgG Fc and stable multimerization. EibF, but not EibA, possesses an additional significant feature, that of IgA binding. All of these traits were retained by appropriate protein fusion constructs. By testing a series of protein fusions containing different portions of EibA and EibF, we have found that these three functional traits are encoded by different sequence seg- (Fig. 6A, lane 4) . A sequence nearer the N terminus was found necessary. A fusion bearing 100 amino acids derived from EibF was sufficient to permit IgA binding (Fig. 6A, lane 5) The formation of highly stable multimers is a property of all Eib proteins as well as the related cell surface proteins YadA, UspA2, and DsrA. With each of these proteins, multimers are stable in SDS-PAGE sample buffer, and for all except DsrA, the multimers are stable even upon heating to 100°C. This family of proteins shares a region of sequence homology which we have designated block 4 for the Eib proteins. A fusion that retained only the C-terminal 92 amino acids of EibA (pDC2252) still formed stable multimers (Fig. 5B, lane 4) . This fusion included block 4 and the outer membrane-targeting signal along with 26 additional amino acids proximal to the N terminus. Deletions within this homology block have shown its importance in the oligomerization of YadA (19) . This region has been predicted to take the form of a membrane anchor domain formed by four amphipathic transmembrane ␤-strands in this family of proteins (9) .
Formation of stable multimers is not essential for either IgA or IgG Fc binding. This was concluded from observations of a fusion involving EibA (pDC2283) which binds IgG Fc without stable multimerization (Fig. 5A, lane 3) and a fusion of EibF (pCS7285) which binds both IgA and IgG Fc without stable multimerization. Nevertheless, we found that constructs that did not form stable multimers yielded weaker binding signals for both Ig types. For example, the signal for binding IgG Fc was much stronger for a fusion containing the last 363 amino acids and which formed stable multimers than for one lacking the last 60 of these residues and which did not form multimers ( Fig. 6B and C, compare lanes 1 and 2) . Our data do not permit conclusions about the nature of stable multimerization, i.e., whether the multimers contain only Eib proteins or whether they contain additional components which have not yet been characterized. The binding signal was also diminished dramatically by the deletion of other regions not implicated in multimerization. For example, the signal for binding IgG Fc was much stronger for the fusion containing the last 363 residues of EibF than for one containing only the last 142, even though both formed multimers (Fig. 6B and C, compare lanes  1 and 4) . It is possible that Ig binding requires the reassociation of monomers after they have been blotted to a membrane. Our data do not address this possibility.
Our original experiments using trypsin treatment were done with the ECOR strains themselves, and we sought to verify that the Eib proteins expressed after cloning were also expressed at the cell surface. The experiments shown in Fig. 7 not only supported the idea that cloned EibF is present on the cell surface but yielded results that suggested more detailed aspects of its exposure. Limited digestion produced an array of species that retained Ig binding. Although reduced in apparent size, these fragments were still significantly larger than the 49.5 kDa expected for the original EibF monomer (e.g., Fig. A, lane  7) . This suggested that these various fragments all retained the potential for stable multimerization. Only relatively large fragments, migrating at positions indicating a size of 100 kDa or greater, bound IgA as well as IgG Fc (Fig. 7B, lane 7) . Smaller fragments ranging from 60 to 70 kDa (apparent size) bound IgG Fc but not IgA. These results suggested to us that the N terminus of EibF is most exposed to trypsin, that the IgA binding sites are more susceptible than the IgG Fc binding sites, and that sites involved in multimerization are relatively protected. From the experiments using MBP fusions, we had concluded that multimerization requires Eib sequences near the C-terminal outer-membrane insertion signal, including most if not all of block 4.
In addition to nonimmune Ig binding, all of the Eib proteins identified so far attenuate the serum sensitivity of E. coli. All show regions of high sequence conservation, within both the N-terminal 18 codons and the C-terminal 167 codons of the eib gene sequences. In sharp contrast, sequence divergence characterizes block V, which lies between these regions of high sequence conservation. This pattern of highly conserved N and C termini, coupled with divergent subterminal sequences, is a feature shared with variants of UspA2 and the closely related UspA2H, as well as surface-exposed proteins of numerous other pathogens (11) . All of the eib genes are associated with prophage, and this association provides a potential means for horizontal transfer. High sequence conservation is also maintained among the variants of ORF-191 and ORF-156 which adjoin the various eib genes. The presence of conserved flanking regions provides a potential site for recombination that would facilitate generation of new eib gene variants.
